The potent aggrecanase ADAMTS-5 is constitutively secreted by chondrocytes, but it is rapidly endocytosed in normal cartilage via the cell surface endocytic receptor LRP1. Therefore it is difficult to detect the total ADAMTS-5 activity produced. In this study, we isolated a monoclonal anti-ADAMTS-5 antibody 1B7 that blocks LRP1-mediated internalization without affecting the aggrecanolytic activity. Addition of 1B7 to cultured human chondrocytes revealed the full aggrecanolytic activity of ADAMTS-5 generated by the cells. 1B7 is a useful tool to estimate the ADAMTS-5 activity and to identify its potential roles in the tissues.
Introduction
ADAMTS-5 (a disintegrin and metalloproteinase with thrombospondin motifs 5) is a potent aggrecanase in cartilage and participates in the progression of osteoarthritis (OA). [1] [2] [3] [4] [5] It is also expressed in many other tissues 6 and cleaves extracellular matrix (ECM) proteoglycans such as versican, brevican, decorin, biglycan and fibromodulin. 7, 8 Its ability to cleave versican is considered to be important in cardiac valve development, 9 limb morphogenesis, 10,11 wound healing 12 and lymphocyte trafficking following influenza virus infection. 13 The expression of ADAMTS-5 has been reported to be regulated at the transcriptional and post-transcriptional levels, 14, 15 but we have recently found that ADAMTS-5 is constitutively produced in normal cartilage. However, it is rapidly cleared by the chondrocytes via the endocytic receptor, low-density lipoprotein receptor-related protein 1 (LRP1), and degraded subsequently. 16, 17 Because of its clearance, it is difficult to detect ADAMTS-5 in normal steady-state of the tissue, but it probably functions for a short, finite period of time to maintain normal turnover of cartilage matrix components.
LRP1 is a type 1 transmembrane protein consisting of a 515-kDa a-chain containing extracellular ligand-binding domains and an 85-kDa b-chain containing a transmembrane domain and a cytoplasmic domain. Both chains are derived from the same precursor and non-covalently attached on the cell surface. More than 50 ligands for LRP1 have been reported, including lipoproteins, ECM proteins, growth factors, cell surface receptors, proteinases, proteinase inhibitors and secreted intracellular proteins. 18 Because LRP1 is widely expressed in different tissues and cell types, it may play an important role in regulating ADAMTS-5 activity not only in cartilage but also in other tissues such as blood vessels, lung, adipose tissue and brain. 6, 18, 19 However, it is difficult to investigate the biologic significance of ADAMTS-5 endocytosis because there are no tools available to specifically block the endocytosis of the enzyme.
ADAMTS-5 is a multidomain metalloproteinase consisting of a catalytic (Cat), a disintegrin (Dis), a first thrombospondinlike (TS) domain, a spacer (SP) and a second C-terminal TS domain. We previously reported that the first TS and Sp domains are responsible for ADAMTS-5 binding to LRP1.
ADAMTS-5 antibody that selectively blocks the interaction with LRP1 and to detect the aggrecanolytic activity of ADAMTS-5 that is masked by the endocytic clearance. We screened the battery of monoclonal antibodies for ADAMTS-5 that were isolated from a phage-displayed single-chain antibody library 17 and obtained one that blocks ADAMTS-5 endocytosis without affecting the enzyme's aggrecanolytic activity.
Results
We first selected anti-ADAMTS-5 scFv-Fc antibodies (i.e. single-chain variable fragments fused with the crystallizable fragment of immunoglobulin) that have no major inhibitory effect on the aggrecanolytic activity of ADAMTS-5 from the pool of monoclonal antibodies that were previously isolated from the phage-displayed single chain antibody library. 17 As shown in Fig. 1A, 11 anti-ADAMTS-5 antibodies did not show a major effect on the aggrecanolytic activity. We then examined them for their ability to block the binding of ADAMTS-5 to immobilized LRP1. Among them, one antibody, designated 1B7, effectively inhibited the binding of ADAMTS-5 to LRP1 and »50% inhibition was detected at the concentration of 100 nM (Fig. 1B) . In this assay, the LRP ligand-binding antagonist, receptor-associated protein (RAP) exhibited »75% inhibition at 100 nM (Fig. 1B) . The dose-dependent binding of ADAMTS-5 to LRP1 was markedly reduced in the presence of 100 nM 1B7, whereas the binding of ADAMTS-4 and of tissue inhibitor of metalloproteinases 3 (TIMP-3) to LRP1 was not blocked (Fig. 1C) . As expected, RAP (100 nM) blocked the binding of all 3 ligands.
To map the 1B7 binding site in ADAMTS-5, we tested a series of domain deletion mutants of ADAMTS-5 ( Fig. 2A) for their ability to bind to 1B7 by using Western blotting. As shown in Fig. 2B , all forms of ADAMTS-5 reacted with 1B7, suggesting that the antibody reacts with the Cat/Dis domains. The antibody reacted with all these forms only when the enzyme proteins were non-reduced (data not shown). Biolayer interferometry analysis showed that ADAMTS-5-2 that lacks the C for 2 h. The reactions were terminated with 50 mM EDTA and the reaction products were deglycosylated and subjected to Western blot analysis using anti-AGEG aggrecan neoepitope antibody. Densitometric analysis of immunoreactive bands of aggrecan fragments detected was then performed and the mean for the fragments generated in the absence of the antibodies was taken as 100%. Each point represents an individual experiment. (B) Effect of anti-ADAMTS-5 antibodies on ADAMTS-5 binding to LRP1. Full-length LRP1 was coated onto microtiter plates, and the binding of biotinylated ADAMTS-5-2 (6 nM) in the absence or presence of anti-ADAMTS-5 antibodies (each 100 nM) or RAP (100 nM) was measured using AP-conjugated streptavidin described in Section 2. Fig. 2C and D) . To investigate whether 1B7 inhibits ADAMTS-5 endocytosis, purified ADAMTS-5 was added to the cultured human chondrocytes and the amounts of ADAMTS-5 that remained in the medium were monitored by Western blotting as described previously. 16 As a control we used the antibody 2A3, which neither blocks the binding of ADAMTS-5 to LRP1 nor inhibits the enzyme activity ( Fig. 1A and B) . ADAMTS-5 endocytosis was markedly inhibited by 100 nM 1B7 and 500 nM RAP, but not by 100 nM 2A3 (Fig. 3A) . A dose-dependent inhibition study showed a partial inhibition with 20 nM 1B7 and a similarly strong inhibition with 100 nM and 250 nM 1B7, indicating that 100 nM 1B7 is sufficient to block ADAMTS-5 endocytosis almost completely (Fig. 3B) .
We then investigated whether 1B7 increases the aggrecanolytic activity of the endogenously produced ADAMTS-5 by blocking its endocytosis. In these experiments, native bovine aggrecan was added to the medium of cultured human chondrocytes as substrate to detect aggrecanolytic activity, and the aggrecanase-specific cleavage of aggrecan core protein was measured by Western blotting using the anti-AGEG neoepitope antibody. Cultured chondrocytes treated with human IgG and those treated with non-inhibitory antibody 2A3 exhibited a similar time-dependent cleavage of aggrecan, which was inhibited by the N-terminal domain of tissue inhibitor of metalloproteinase-3 (N-TIMP-3) and 2D3 ( Fig. 4A) , an inhibitory antibody previously shown to potently inhibit aggrecanase activity. 17 Since ADAMTS-5 is inhibited almost completely by 2D3 at the concentration of 100 nM, 17 the residual activity detected in the presence of 2D3 was due to ADAMTSs other than ADAMTS-5. In the presence of 1B7, the aggrecan degradation was increased by about 2.4-fold after 72 h incubation compared with that with 2A3 ( Fig. 4A ). Quantitative mRNA analysis showed similar levels of LRP1 mRNA in the absence or presence of 1B7 (data not shown). The 1B7-increased aggrecan degradation was inhibited by 2D3 to the similar level of control chondrocytes treated with 2D3 (Fig. 4B) . Subtraction of the aggrecanolytic activity of non- ADAMTS-5 aggrecanases from the total activity revealed that the increase in ADAMTS-5-mediated aggrecan degradation was much more pronounced in the presence of 1B7 compared with that in the presence of the non-inhibitory antibody 2A3 (Fig. 4C) . These results indicate the extracellular level of ADAMTS-5 is constant (in a steady-state) in control chondrocytes, but the specific blocking of ADAMTS-5 endocytosis accumulates the enzyme extracellularly.
To estimate how much the ADAMTS-5 activity is regulated by endocytosis, the aggrecanolytic activity observed after 72 h incubation in the presence of 1B7 was compared with that of purified ADAMTS-5. The amount of aggrecanolytic activity accumulated in the 200-ml culture medium during 72 h from 5 £ 10 4 chondrocytes in the presence of 1B7 was similar to that detected by a 2-h incubation of 2 pM recombinant ADAMTS-5-2 (Fig. 4D ).
Discussion
Since numerous molecules are endocytosed by LRP1, an agent that selectively blocks endocytosis of a specific LRP1 ligand is considered to be a useful tool to investigate the pathophysiological roles of the molecule. In this study, we characterized a monoclonal antibody against one of the LRP1 ligands, ADAMTS-5, from a phage-displayed single-chain antibody library. The antibody 1B7 selectively blocks the interaction of the enzyme with LRP1 without affecting its aggrecanolytic activity. To date, several examples of molecules that can interfere with the binding of LRP1 ligand to the receptor have been reported. For example, Lenting et al. 21 identified a monoclonal antibody that blocks the binding of coagulation factor VIII to LRP1. RNA-aptamers for pro-urokinase plasminogen activator (pro-uPA) 22 and for tissue plasminogen activator (tPA) 23 that inhibit their binding to LRP1 were also reported. However, the antibody inhibits the proteolytic activity of factor VIII, 21 the former aptamers block the binding of pro-uPA to the uPA receptor and interfere with pro-uPA activation by plasmin, 22 and the latter aptamers inhibit tPA-mediated plasminogen activation in the presence of a stimulating soluble fibrin fragment. 23 Another set of examples is provided by segments of ligand binding domains of LRP1. The ectodomain of LRP1 harbors 4 clusters (clusters I-IV) of ligand binding sites, each composed of between 2 and 11 cysteine-rich complement-type repeats that are basic element for ligand binding. Chen et al. 24 have determined that the Nterminal half of cluster II without the EGF-like domain (midkinetrap) has the highest affinity to cell growth factor midkine. This midkine-trap blocked the internalization of the growth factor and its translocation to nucleus and prevented tumor cells growth. 24 More recently, Scilabra et al. 25 reported that the same fragment also bound to TIMP-3 and prevented the LRP1-mediated internalization of TIMP-3, but not that of ADAMTS-5, ADAMTS-4 or MMP-13. At the moment, designing molecules that can selectively block ADAMTS-5 endocytosis by mimicking LRP1 binding elements remains a challenging task, since many LRP1 ligands, including ADAMTS-4 and ADAMTS-5, bind to clusters II and IV and compete with each other for the binding sites. 20 This problem was circumvented by developing the antibody 1B7, and the treatment of human chondrocytes with 1B7 allowed us to detect full aggrecanolytic activity of ADAMTS-5 in the medium.
We originally postulated that antibodies that block the endocytosis of ADAMTS-5 would react with the first TS and Sp domains of ADAMTS-5, as these domains are responsible for LRP1 binding. 20 However, our study using domain deletion mutants of ADAMTS-5 revealed that the 1B7 antibody binds to the Cat/Dis domains. Since it does not recognize ADAMTS-5 under reducing conditions, it is likely that it binds to a nonlinear epitope. We speculate 3 possibilities to explain how 1B7 may block the interaction of ADAMTS-5 to LRP1. One possibility is that 1B7 recognizes the Cat/Dis domains of ADAMTS-5 primary, but it also interacts with the first TS, CysR and Sp domains, because the affinity of ADAMTS-5-2 is 2.1-fold higher than ADAMTS-5-5. The second possibility is that antibody 1B7 interferes with the interaction between the first TS or Sp domain and LRP1 by steric hindrance. The third possibility is that 1B7 allosterically blocks the flexibility between different ancillary domains, in a binding mode similar to that of a recently reported anti-ADAMTS-5 antibody. 5 Future structural studies are necessary to understand these possibilities.
Selective inhibition of endocytosis and proteolytic activity of ADAMTS-5 by the combination of antibodies 1B7 and 2D3 revealed a dynamic cellular regulation of ADAMTS-5 activity, i.e., constitutive production and a rapid endocytosis. Since aggrecanolytic activity of ADAMTS-5 in the cultured human chondrocytes was exponentially increased when endocytosis was blocked, 1B7 could be useful to identify new substrates in this system and in other tissues. We propose that dysregulation of the LRP1-mediated endocytic pathway is likely to disrupt normal turnover of extracellular molecules. Indeed, we previously found that LRP1-mediated endocytosis was impaired in OA cartilage, which resulted in increased extracellular activity of ADAMTS-5 and degradation of cartilage matrix. 16 However, the exact role of ADAMTS-5 in the development of OA is not clearly understood because the uptake of most LRP1 ligands, including ADAMTS-4, MMP-2, MMP-9, MMP-13, TIMP-3, and connective tissue growth factor (CCN-2), 15, 20, [26] [27] [28] is prevented. Thus, 1B7 should be a useful tool to elucidate the pathological impact of ADAMTS-5 by selectively blocking its endocytic pathway. In contrast to OA, the overexpression of LRP1 in atherosclerotic lesions has been reported in humans and in several animal models, 29 and the elevated ADAMTS-5 activity is considered to play an important role in turnover of vascular proteoglycans and keep the lipoprotein level low in aorta. 30 These studies suggest a pathological role of depletion of ADAMTS-5 activity due to its excess removal from the tissue. We are currently testing whether 1B7 can penetrate the tissues because it may be beneficial in these pathological conditions, rescuing the enzyme from its endocytic clearance.
Materials and methods

Preparation of recombinant proteins and antibodies
Various forms of domain deleted human ADAMTS-5, 8 human ADAMTS-4 lacking C-terminus Sp domain, 31 TIMP-3 32 were prepared as recombinant proteins with a FLAG-tag at C-terminus as described previously. Human N-terminal domain of Figure 4 . Detection of the total aggrecanolytic activity of ADAMTS-5 produced by human chondrocytes. (A) Human chondrocytes (n D 3) were cultured with DMEM containing purified bovine aggrecan (100 mg/ml) in the presence of human IgG, 1B7, 2A3, 2D3 or N-TIMP-3 (each 100 nM) for 0-72 h. The conditioned media were deglycosylated and subjected to Western blot analysis using anti-AGEG aggrecan neoepitope antibody. Upper panel, representative Western blot analysis. Lower panel, quantification of aggrecan fragments, where the mean value for the fragments generated after 48 h incubation with human IgG was taken as 1. (B) Human chondrocytes (n D 3) were cultured with DMEM containing purified bovine aggrecan (100 mg/ml) and 2A3 or 1B7 (each 100 nM) in the presence of human IgG (-2D3) or 2D3 (each 100 nM) for 0-60 h. The aggrecanolytic activity in the culture was detected as in A. Upper panel, representative Western blot analysis. Lower panel, quantification of aggrecan fragments, where the mean value for the fragments generated after 40 h incubation with 2A3 in the absence of 2D3 was taken as 1. (C) Relative amount of ADAMTS-5-mediated aggrecan degradation was estimated by subtracting the amount of aggrecan degradation in the presence of 2D3 from that in the absence of 2D3 detected in B. (D) Purified bovine aggrecan (100 mg/ml) was incubated with purified ADAMTS-5-2 (0-2 pM) for 2 h and the amount of aggecan fragments was compared with that in the medium of human chondrocytes after 72 h incubation with 1B7. The mean value for the amount of the fragments after 2 h incubation with 1 pM ADAMTS-5-2 was taken as 1. Bars represent the mean § SD Ã , p < 0.05; unpaired t test.
TIMP-3 was prepared as reported. 32 The concentrations of active enzymes were determined by titration against known concentrations of N-TIMP-3 using quenched-fluorescent peptides. Rabbit anti-AGEG antibodies that recognize the N-terminal AGEG generated by aggrecanase cleavage of bovine aggrecan at Glu 1771 -Ala 1772 , 33 and RAP 16 were prepared as reported. Bovine nasal cartilage aggrecan was prepared according to Hascall and Sajdera. 34 The polyclonal rabbit anti-ADAMTS-5 Cat domain recognizing the peptide sequence CEETFGSTEDKRL (amino acids 410-422) has been described previously. 8 The anti-ADAMTS-5 antibodies were expressed in HEK293-F cells (Invitrogen) as single-chain variable fragments fused with the crystallizable fragment of immunoglobulin (scFv-Fc) and purified. 35 Western Blue Ò stabilized substrate (5-bromo-4-chloro-3-indolyl-1-phosphate and nitroblue tetrazolium) for alkaline phosphatase (AP), anti-mouse AP-linked antibody (S3721), anti-human immunoglobulin AP-linked (S3821) and anti-rabbit AP-linked (S3731) antibodies were from Promega and solubilized and purified full-length human LRP1 from was from BioMac (#04-03). Unless stated otherwise, all chemicals were purchased from Sigma-Aldrich.
Aggrecan digestion assay
Aggrecan digestion assay was performed as previously reported. 17 Briefly, 50 mg of native aggrecan (final concentration 670 nM) were incubated with ADAMTS-5-2 (0-2 pM) in TNC buffer (50 mM Tris-HCl pH 7.5, 100 mM NaCl, 10 mM CaCl 2 and 0.02% NaN 3 ) containing 0.05% (v/v) Brij-35 at 37 C for 2 h. Aggrecan was deglycosylated in sodium acetate buffer with chondroitinase ABC and endo-b-galactosidase (each 0.01 unit/100 mg of aggrecan) for 24 h at 37 C. Aggrecan was then precipitated using ice-cold acetone and analyzed by Western blotting using the rabbit polyclonal anti-AGEG antibody. Immune signals for the aggrecan fragments were acquired using ImageScannerIII (GE Healthcare) and quantified with ImageJ quantification software.
Phage display selections
Phage display selections using human recombinant ADAMTS-5 as an antigen were previously reported. 17 Biotinylated ADAMTS-5-2 was used to screen a naive human scFv phagedisplay library. 36 The library was previously deselected against flag peptide (5 mM) to remove phages recognizing the flag tag on the recombinant antigen. Following 2 rounds of solutionphase selection, the eluted polyclonal scFv population was cloned into pBIOCAM5 expression vector for mammalian expression of scFv-Fc fusions and transformed into DH5a Escherichia coli. 35 Individual clones isolated were transfected into HEK293-F cells (Invitrogen). Conditioned medium was then screened against biotinylated recombinant ADAMTS-5-2 (50 nM). Bound antibodies were detected by time-resolved fluorescence using europium-labeled anti-human antibody (1244-330, PerkinElmer) and dissociation-enhanced lanthanide fluorescence immunoassay enhancement solution (PerkinElmer) followed by europium signal acquisition (330 nm excitation, 620 nm emission) on a plate reader. Following initial screening, selected anti-ADAMTS-5 clones were expressed in 25-ml scale and purified by immobilized metal affinity chromatography. 17 
ELISA for binding to LRP1
Human LRP1 (5 nM in 100 ml of TNC buffer) was coated onto microtiter plates (Corning) overnight at 4 C. Wells were blocked with 3% bovine serum albumin in TNC (1 h; 37 C) and washed in TNC containing 0.05% Brij-35 after this and each subsequent step. Wells were then incubated with various concentrations of ADAMTS-4 lacking C-terminus spacer domain, ADAMTS-5-2 or TIMP-3 in blocking solution for 2 h at room temperature. To compare the levels of bound proteins, the bound proteins were detected with anti-FLAG M2 antibody (F1804, Sigma-Aldrich) followed by anti-mouse antibody coupled to horseradish peroxidase. For screening purposes, biotinylated ADAMTS-5-2 was used and its binding to LRP1 was detected by AP-conjugated streptavidin. Hydrolysis of tetramethylbenzidine substrate (KPL) measured at 450 nm using a BioTek EL-808 absorbance microplate reader (BioTek). Data were fitted to the One-Site association equation on software package GraphPad Prism. Each value was normalized by subtracting the amount of enzyme bound to control wells that were not coated with LRP1.
Biolayer interferometry
1B7 was biotinylated by incubation with a 20-fold excess of EZlink succinimidyl 6-(biotinamido) hexanoate (30 min, 25 C, Thermo Fisher Scientific) and biotin excess was removed using a PD-10 desalting column (GE Healthcare). Biotinylated 1B7 (1 mM) was immobilized on streptavidin-coated biosensors (5 min, 25 C) using an Octet RED384 biolayer interferometer (Pall ForteBio). To determine the affinity between 1B7 and ADAMTS-5, antibody-coated biosensors were incubated with ADAMTS-5-2 (50-500 nM in TNC buffer) or ADAMTS-5-5 (50-1600 nM), and association was observed for 5 min at 25 C. Tips were then incubated in TNC buffer for a further 10 min at 25 C to observe dissociation of the complex. No binding of ADAMTS-5 to uncoated biosensors was observed. Kinetic constants were calculated using a 1:1 binding model in ForteBio OctetRED evaluation data analysis software as described previously. 37 K D was calculated from equilibrium responses, and k off was calculated by determining the first-order rate constant. Observed association rate constant (k obs ) values were calculated by determining the second-order rate constant, and k on was calculated from linear regression of k obs on ADAMTS-5 concentration.
Human cartilage tissue preparation and isolation of chondrocytes
Normal human articular cartilage tissues were obtained from the Stanmore BioBank, Institute of Orthopaedics, Royal National orthopedic Hospital, Stanmore from patients following informed consent and approval by the Royal Veterinary College Ethics and Welfare Committee (Institutional approval URN 2012 0048H). Cartilage from human femoral condyles of the knee joints was used. Normal articular cartilage was obtained from patients following knee amputation due to soft tissue sarcoma and osteosarcoma with no involvement of the cartilage. Tissues were obtained from 5 patients (3 males aged 18, 23 and 57 yrs; 2 females aged 19 and 68 yrs). Chondrocytes were isolated as described previously. 16 Both primary and passaged human cells were used in the experiments.
Analysis of ADAMTS-5 endocytosis
Cells (5 £ 10 4 ) cultured in 24-well plates were rested in 500 ml of Dulbecco's Modified Eagle Medium (DMEM) for 1 day. The medium was replaced with 500 ml of fresh DMEM with 10 nM of purified human ADAMTS-5-2 in the absence or presence of the antibodies (each 100 nM) or 500 nM RAP at 37 C. After incubation for 0-4 h, media were collected and the protein was precipitated with 5% trichloroacetic acid and dissolved in 50 ml of 1x SDS-sample buffer containing 5% 2-mercaptoethanol. All samples were analyzed by SDS-PAGE under reducing conditions and Western blotting using anti-FLAG M2 mouse monoclonal antibody. Immune signals for exogenously added ADAMTS-5-2 detected in the medium were acquired using ImageScannerIII (GE Healthcare) and quantified with ImageJ quantification software. The amount of ADAMTS-5-2 remaining in the medium at each time point was calculated as a percentage of the amount of the enzyme at 0 h.
Detection of aggrecanolytic activity in cultured human chondrocytes
The aggrecanase activity in culture medium of human chondrocytes was detected as described previously. 38 Briefly, cells were plated at a density of 5£10 4 cells/well (24-well plate) in DMEM with 10% fetal bovine serum. Cells were rested for 24 h in DMEM and then overlaid with sterile filtered bovine aggrecan (100 mg/ml) in DMEM containing 50 mg/ml of polymyxinB in the absence or presence of the antibodies or N-TIMP-3 (each 100 nM) for 0-72 h. To evaluate aggrecan degradation products in chondrocytes cultures, 200 ml of conditioned medium were collected and aggrecanase-generated fragments were detected by Western blot analysis as described above. All data were analyzed by unpaired one-tail t tests with Welch's correction using the software package GraphPad Prism.
Disclosure of potential conflicts of interest
No potential conflicts of interest were disclosed.
Fundings
